Introduction {#s0005}
============

Neuroblastoma is the most common extracranial solid tumor of childhood, accounting for 15% of cancer-related deaths in children \[[@bb0005],[@bb0010]\]. A majority of high-risk neuroblastoma patients present with metastatic disease at diagnosis, which confers an increased risk of recurrence and a dismal prognosis, with overall survival rates ranging from 30 to 40% \[[@bb0015]\]. Current treatment modalities for this high-risk group, including high-dose chemotherapy, radiation, and surgery, have made incremental but limited progress because they result in incomplete tumor eradication and are ineffective in preventing relapse, and treating disseminated disease.

In response to the need for more effective therapies, we have designed an ensemble "nanoimmunotherapy" that combines state-of-the-art advances in the field of nanotechnology and immunotherapy for treating neuroblastoma. Specifically, we utilize nanoparticle-based photothermal therapy (PTT), which causes light-activated thermal ablation of tumors \[[@bb0020]\]. PTT also elicits antitumor immune responses \[[@bb0025], [@bb0030], [@bb0035], [@bb0040], [@bb0045], [@bb0050], [@bb0055], [@bb0060]\], and increasing evidence suggests that localized photothermal killing of a primary tumor (*via* PTT) can induce immune-mediated regression in distant untreated tumors \[[@bb0025],[@bb0065]\], a process termed as the abscopal effect \[[@bb0070], [@bb0075], [@bb0080], [@bb0085]\]. While beneficial for treating disseminated cancer, the abscopal effects of PTT are often restricted by an immunosuppressive microenvironment within tumors \[[@bb0090]\]. Therefore, these effects have been rarely observed when administering PTT, and similarly with other locally ablative modalities alone, including hyperthermia or radiation therapy (where the phenomenon was first observed). To maximize the abscopal effects of PTT, combination with immunomodulatory agents such as toll-like receptor agonists (TLRs) \[[@bb0045],[@bb0095]\] and/or immunotherapies such as checkpoint inhibitors serves as an attractive avenue to potentiate the systemic antitumor immune responses induced by PTT. Several reports have demonstrated the efficacy of combining nanoparticle-based PTT with checkpoint inhibitors to potentiate an abscopal and antitumor immune response mainly in 4T1 breast cancer models or B16F10 melanoma models. The checkpoint inhibitor aCTLA-4 has been combined with iron-oxide nanoparticles \[[@bb0100]\], single walled carbon nanotubes \[[@bb0025]\], and Prussian blue nanoparticles \[[@bb0035]\]; and the checkpoint inhibitor aPD-1/aPDL-1 has been combined with gold nanostars \[[@bb0105]\], gold nanorods \[[@bb0110]\], hollow gold nanoshells \[[@bb0115],[@bb0120]\], iron oxide nanoparticles \[[@bb0060]\], iron oxide-perfluoropentane nanoparticles \[[@bb0125]\], black phosphorous quantum dots \[[@bb0130]\], and graphene oxide \[[@bb0135]\] for PTT. These studies highlight the efficacy of combining nanoparticle-based PTT with immunotherapies. This is because boosting the abscopal effect rates can substantially improve patient care beyond what is currently achieved by each therapy alone, or standard-of-care therapies. In this context, an emerging objective of PTT treatments is to safely maximize the abscopal effect, whereby local administered PTT causes shrinkage of non-treated, distal tumors outside of the primary tumor treatment zone \[[@bb0075],[@bb0080]\]. This is especially important for cancers such as neuroblastoma, where patients present with distal or metastatic disease at initial diagnosis; and to address this need, we have tested our nanoimmunotherapy on a syngeneic Neuro2a mouse model of neuroblastoma \[[@bb0140], [@bb0145], [@bb0150]\].

In this study, we describe Prussian blue nanoparticles (PBNPs) coated with a molecular adjuvant, CpG oligodeoxynucleotides (CpG-PBNPs) \[[@bb0155]\], a toll-like receptor 9 agonist that we use for PTT (CpG-PBNP-PTT), in combination with the checkpoint inhibitor anti-CTLA-4 (aCTLA-4) as a nanoimmunotherapy that elicits a robust abscopal effect against neuroblastoma. Compared to other nanoparticles used for PTT described above, PBNPs offer several advantages: They are easily and scalably synthesized from inexpensive starting materials \[[@bb0020],[@bb0160], [@bb0165], [@bb0170]\], they exhibit pH-dependent biodegradability mitigating concerns associated with their long-term persistence and toxicity within the body (a property not offered by gold nanostructures) \[[@bb0050]\], and they are already United States FDA-approved for human oral use to treat radioactive poisoning \[[@bb0175],[@bb0180]\]. We have previously shown that when delivered in single-tumor models of neuroblastoma, PTT elicits cytotoxicity \[[@bb0020]\], immunogenic cell death (ICD) \[[@bb0045],[@bb0055]\], and increases the antigenicity and adjuvanticity in the tumor environment by itself, and in combination with toll-like receptor agonists like CpG \[[@bb0045]\] and immunotherapies such as checkpoint inhibitors (aCTLA-4) \[[@bb0050]\], leading to better treatment outcomes. While these findings suggest that our nanoimmunotherapies work in single-tumor mouse models, it is unclear if they can generate robust systemic antitumor immunity that are able eradicate multiple or disseminated tumors. Given the propensity for high-risk neuroblastoma to present with metastatic disease at initial diagnosis, here, we seek to test the effects of our nanoimmunotherapy in treating mice with bilateral Neuro2a tumors.

We hypothesize that CpG-PBNP-PTT alters the presence of immunomodulatory receptors and ligands on the treated tumor cells (*i.e.* co-stimulatory, inhibitory, etc.), which primes the tumor microenvironment and generates a more potent abscopal effect in the presence of aCTLA-4 ([Fig. 1](#f0005){ref-type="fig"}). To test our hypothesis, we utilize the Neuro2a neuroblastoma cell line for our *in vitro* studies and syngeneic mice bearing bilateral Neuro2a tumors for our *in vivo* studies \[[@bb0140], [@bb0145], [@bb0150]\]. We locally (i.t) administer CpG-PBNPs for PTT, and systemically (intraperitoneally; i.p.) administer aCTLA-4. First, we test the ability of PTT to alter the surface levels of costimulatory and co-inhibitory markers on Neuro2a cells *in vitro*. Next, we assess the effect of our CpG-PBNP-PTT plus aCTLA-4 nanoimmunotherapy on tumor regression and long-term survival. Finally, we test the ability of long-term surviving mice to reject tumor rechallenge and investigate the effect of depleting specific immune cell subsets (CD4+ T cells, CD8+ T cells, and NK1.1+ cells) on the protective effects of our nanoimmunotherapy. The findings of this study will be the basis for further clinical testing and eventual clinical translation of our novel nanoimmunotherapy for treating patients with neuroblastoma.Fig. 1Nanoimmunotherapy approach combining CpG oligodeoxynucleotide-coated Prussian blue nanoparticle-mediated photothermal therapy (CpG-PBNP-PTT) with anti-CTLA-4 checkpoint inhibition to elicit an abscopal effect against neuroblastoma. CpG-PBNP-PTT (and PBNP-PTT) triggers tumor cell death and alters the (A) cell surface expression of immunomodulatory markers on Neuro2a neuroblastoma tumor cells. (B) CpG-PBNPs facilitates intratumoral delivery of the immune adjuvant CpG, a TLR9 agonist. (C) Systemically administered aCTLA-4 reverses immunosuppression. These three effects function in concert to unleash a robust abscopal effect against neuroblastoma by activating CD4+, CD8+, and NK cells.Fig. 1

Materials and methods {#s0010}
=====================

Materials and chemicals {#s0015}
-----------------------

All nanoparticle syntheses were conducted using ultrapure water with a resistivity of 18.2 MΩ cm (Millipore Corporation, Billerica, MA). Potassium hexacyanoferrate(II) trihydrate (MW 422.39; K~4~\[Fe(CN)~6~\]·3H~2~O), iron (III) chloride hexahydrate (MW 270.3; Fe(Cl)~3~·6H~2~O), and citric acid were purchased from Sigma-Aldrich (St Louis, MO, USA) and used as supplied. Acetone and ethanol solutions were obtained from Sigma-Aldrich. Poly(ethylenimine) (PEI, Mw 2000, Mn 1800, 50% w/v in H2O) was purchased from Sigma-Aldrich, and diluted in sodium acetate buffer solution (pH 5.2, Millipore Sigma, Burlington, MA). Murine CpG oligodeoxynucleotide (CpG) TLR9 ligand (ODN 1585; Class A) was purchased from InvivoGen (San Diego, CA, USA). Fluorescent antibodies against B7H3, CD276 (B7H3), CD80, CD86, CD274 (B7h1, PD-L1), I-A/I-E (MHC-II), CD45, CD8a, CD4, NK1.1 were purchased from Biolegend (San Diego, CA, USA). Anti-CTLA-4 (aCTLA-4) antibody (clone 9D9) was purchased from BioXCell (West Lebanon, NH), anti-CD4 depletion antibody (clone GK 1.5), anti-CD8 depletion antibody (clone 53--6.7), and anti-NK1.1 (clone PK136) were purchased from Biolegend (San Diego, CA, USA).

Cells and cell culture {#s0020}
----------------------

The murine neuroblastoma cell line Neuro2a was obtained from American Type Culture Collections (ATCC, Manassas, VA, USA) and cultured in Eagle\'s Minimum Essential Medium (EMEM) (Gibco, Carlsbad, CA, USA) containing 10% fetal bovine serum (FBS, Gibco) and 1% penicillin/streptomycin (Sigma-Aldrich).

Animals {#s0025}
-------

All animal studies were approved by the Institutional Animal Care and Use Committee of the George Washington University, Washington, DC, USA (Protocol \# A396). The studies were conducted to ensure humane care of the animals as per the institutional IACUC guidelines. Five-week-old, female A/J mice were purchased from Jackson Laboratory. The animals were acclimated for 3--4 days prior to tumor inoculation.

Synthesis of PBNPs and CpG-PBNPs {#s0030}
--------------------------------

PBNPs were synthesized using a previously described scheme \[[@bb0020],[@bb0045], [@bb0050], [@bb0055],[@bb0160], [@bb0165], [@bb0170],[@bb0185],[@bb0190]\]. CpG-PBNPs were synthesized using a layer-by-layer coating methodology previously described by us \[[@bb0045]\].

*In vitro* PBNP-PTT and CpG-PBNP-PTT {#s0035}
------------------------------------

To study the molecular marker levels after PTT, five million Neuro2a cells were suspended in 500 μL of PBS in a 1.75 mL microcentrifuge tube. Neuro2a cells were divided into eight groups: (1) vehicle (no treatment, 10 μL Milli-Q water), (2) Laser (irradiated at 0.75 W for 10 min), (3) PBNPs (0.15 mg/mL), (4) CpG (40 μg/mL), (5) PBNP-PTT (PBNPs at 0.15 mg/mL, irradiated at 0.75 W for 10 min), (6) CpG-PBNP-PTT (CpG-PBNPs at 0.15 mg/mL, irradiated at 0.75 W for 10 min), (7) PBNP-PTT + aCTLA-4 (PBNPs at 0.15 mg/mL, irradiated at 0.75 W for 10 min, aCTLA-4 at 20 μg/mL) (8) CpG-PBNP-PTT + aCTLA-4 (CpG-PBNPs at 0.15 mg/mL, irradiated at 0.75 W for 10 min, aCTLA-4 at 20 μg/mL). Power was confirmed by a power meter (Thorlabs, Newton, NJ). Temporal temperature measurements were taken using a thermal camera (FLIR, Arlington, VA).

Molecular marker analysis {#s0040}
-------------------------

*In vitro* CpG-PBNP-PTT + aCTLA-4 and controls were performed as described above. Cell suspensions were then washed and stained with fluorescent antibodies against B7H3, CD276 (B7H3), CD80, CD86, CD274 (B7h1, PD-L1), I-A/I-E (MHC-II), and flow cytometry was performed. Flow cytometry was done using the Celesta Cell Analyzer with HTS (BD BioSciences, Franklin Lakes, NJ), and analysis was done using FlowJo™ software (Ashland, OR).

*In vivo* studies {#s0045}
-----------------

For establishing the syngeneic synchronous neuroblastoma mouse model, bilateral subcutaneous injections of one million Neuro2a cells (ATCC) were conducted into the shaved backs of 5-week old female A/J mice. All the treatments commenced after one of the tumors reached a diameter of at least 5 mm (∼60 mm^3^). To test the abscopal effect and immune responses of our therapy, synchronous tumor-bearing mice were treated with PTT on the largest tumor (with our nanoparticle-based therapy), and the tumor regression or progression of both tumors was observed. Mice were anesthetized prior to and during treatment using 5% isoflurane. Tumor-bearing mice were divided into five groups (n ≥ 8 mice per group): (1) vehicle (no treatment, injected intratumorally with 50 μL PBS on day 0), (2) aCTLA-4 (150 μg per mouse administered i.p. on days 1, 4, and 7), (3) PBNP-PTT (50 μL of 1 mg mL^−1^ PBNPs intratumorally, irradiated at 0.75 W for 10 min), (4) CpG-PBNP-PTT nanoimmunotherapy (50 μL of 1 mg mL^−1^ CpG-PBNPs, 2 μg bound CpG, irradiated at 0.75 W for 10 min, CpG-PBNPs boosts were given (without PTT) on days 2 and 5). (5) PBNP-PTT + aCTLA-4 (PBNP-PTT as described above as well as 150 μg aCTLA-4 i.p, on days 0, 3, and 6), and (6) CpG-PBNP-PTT + aCTLA-4 (CpG-PBNP-PTT as described above as well as 150 μg aCTLA-4 i.p on days 0, 3, and 6). The temperatures reached during PTT were measured using an i7 FLIR thermal imaging camera. Tumor growth was monitored following inoculation and treatments using routine caliper measurements. Surviving mice were rechallenged 65 days after treatment with one million Neuro2a cells as described above to assess if the surviving animals developed protection against tumor rechallenge. Animals reached an endpoint if tumor burden exceeded specific dimensions (\>15 mm for mice with one tumor, and \>13 mm for mice with two tumors. Euthanasia was achieved through cervical dislocation after CO~2~ narcosis. All these steps were conducted in accordance with the approved IACUC protocols.

*In vivo* T cell depletion study {#s0050}
--------------------------------

CD8+ T cells, CD4+ T cells, and NK1.1+ cells were depleted by i.p administration of purified anti-CD8α (100 μg/mouse), anti-CD4 (100 μg/mouse), and anti-NK1.1 (100 μg/mouse) depletion antibodies starting a day prior to Neuro2a inoculation and repeating injections on days 3, 6 and 9 after inoculation. Depletion of CD8+ T cells, CD4+ T cells, and NKcells were validated by collecting peripheral blood and analyzing by flow cytometry.

Statistical analysis {#s0055}
--------------------

Statistical significance was determined from a two-tailed Student\'s *t*-test and values with p \< 0.05 qualified as statistically significant. Survival results were analyzed according to a Kaplan-Meier curve. The log-rank test was used to determine statistically significant differences in survival between the various groups.

Results {#s0060}
=======

PTT-containing treatments modulate the cell surface presence of co-stimulatory, antigen-presenting, and immune checkpoint molecules in Neuro2a cells {#s0065}
----------------------------------------------------------------------------------------------------------------------------------------------------

We have previously demonstrated that PTT using PBNPs (which has a photothermal conversion efficiency of 20.5% \[[@bb0020]\]), and/or CpG-PBNPs leads to tumor cytotoxicity \[[@bb0020],[@bb0045],[@bb0050],[@bb0190]\], induces immunogenic cell death \[[@bb0045],[@bb0055]\], and reverses immunosuppression \[[@bb0045], [@bb0050], [@bb0055],[@bb0195]\]. Less well described is the effect of PTT on the surface presence of co-stimulatory, antigen-presenting, and immune checkpoint markers on tumors cells themselves. To this end, we tested the effect of PTT on molecular marker levels on Neuro2a cells, since a robust abscopal effect is likely co-defined by changes to the tumor cells themselves. Therefore, we studied the levels of different co-stimulatory, antigen-presentation, and immune checkpoint markers in Neuro2a cells after nanoimmunotherapy treatments *in vitro* (using flow cytometry). Cells were divided into the following treatment groups: (1) vehicle, (2) laser, (3) PBNPs, (4) CpG, (5) PBNP-PTT, (6) CpG-PBNP-PTT, (7) PBNP-PTT + aCTLA-4, (8) CpG-PBNP-PTT + aCTLA-4. Neuro2a cells exhibited an increase of almost 2-fold in the co-stimulatory molecule CD86 in all PTT treatments compared to controls ([Fig. 2](#f0010){ref-type="fig"}A and Supplementary Table 1), while CD80 levels remained the same across all treatment groups ([Fig. 2](#f0010){ref-type="fig"}B and Supplementary Table 1). Similarly, we measured the levels of major histocompatibility class I (MHC-I) and II (MHC-II) on the tumor cells. We observed that while MHC-II levels increased across all PTT-treatment groups ([Fig. 2](#f0010){ref-type="fig"}C and Supplementary Table 1), MHC-I levels remained the same in all groups compared to controls ([Fig. 2](#f0010){ref-type="fig"}D and Supplementary Table 1). Finally, we studied the cell surface presence of immune checkpoint molecules B7-H3 and PD-L1 on Neuro2a cells, and found that even though PTT-treated groups did not increase the presence of PD-L1 ([Fig. 2](#f0010){ref-type="fig"}F and Supplementary Table 1), it did increase the presence of B7-H3 ([Fig. 2](#f0010){ref-type="fig"}E and Supplementary Table 1). These results demonstrate that in addition to causing tumor cell death, PTT triggers the upregulation of both immunostimulatory and immunosuppressive molecules on Neuro2a cells. These observations provide a rationale for including immunological adjuvants (such as CpG) as well as immune checkpoint inhibitors (such as aCTLA-4) in our nanoimmunotherapy regimen to minimize the suppressive effects of PTT and maximize its abscopal effect.Fig. 2Effect of PTT on the cell surface levels of immunomodulatory molecules on Neuro2a *in vitro*. (A--B) Co-stimulatory molecule cell surface levels after CpG-PBNP-PTT + aCTLA-4 *in vitro*. Cell surface levels of (A) CD86 and (B) CD80 on Neuro2a cells *in vitro* after CpG-PBNP-PTT + aCTLA-4 and corresponding controls. Cell surface levels were assessed after treatment by flow cytometry. We show a significantly higher percentage of CD86^+^ cells in cells that were PTT-treated compared to non-PTT-treated. (C-D) Major histocompatibility cell surface levels after CpG-PBNP-PTT + aCTLA-4 *in vitro*. Cell surface levels of (C) MHC-II and (D) MHC-I on Neuro2a cells *in vitro* after CpG-PBNP-PTT + aCTLA-4 and corresponding controls. Neuro2a cells show significantly higher percentage of MHC-II^+^ cells in cells that were PTT-treated compared to non-PTT-treated. (E--F) Immune checkpoint molecule cell surface levels after CpG-PBNP-PTT + aCTLA-4 *in vitro*. Cell surface levels of (E) B7H3 and (F) PD-L1on Neuro2a cells *in vitro* after CpG-PBNP-PTT + aCTLA-4 and corresponding controls. Neuro2a cells show significantly higher percentage of B7H3^+^ cells in cells that were PTT-treated compared to non-PTT-treated (\*significant difference compared to vehicle, p \< 0.05, \*\*significant difference compared to vehicle, p \< 0.01; n ≥ 3/group).Fig. 2

CpG-PBNP-PTT plus aCTLA-4 nanoimmunotherapy results in tumor regression of treated tumor and an abscopal effect that reduces or eliminates distal tumors {#s0070}
--------------------------------------------------------------------------------------------------------------------------------------------------------

To evaluate the tumor regression and abscopal effects of our nanoimmunotherapy, we utilized a bilateral (two tumor) mouse model. In this model, mice used in the study had two synchronous and subcutaneous Neuro2a tumors. One tumor, designated as the "primary" tumor, was treated with CpG-PBNP-PTT (or controls), and the "secondary" tumor received no treatment. Based on the treatment groups, animals received aCTLA-4, i.p. Tumor progression or regression was measured in all tumors across all five treatment groups ([Fig. 3](#f0015){ref-type="fig"}A): 1) CpG-PBNP-PTT + aCTLA-4-treated, 2) PBNP-PTT + aCTLA-4-treated, 3) CpG-PBNP-PTT-treated, 4) PBNP-PTT-treated, 5) aCTLA-4-treated and 6) Vehicle (PBS) (n ≥ 5/group). PTT was administered at a temperature of approximately 65 °C (average tumor temperature; measured by a thermal imaging camera), which we have previously demonstrated to be the ideal thermal dose to elicit effective tumor ablation as well as immunogenic cell death (ICD) in single Neuro2a tumors ([Fig. 3](#f0015){ref-type="fig"}B). Both PBNP-PTT and CpG-PBNP-PTT result in an abscopal effect, as demonstrated by slower tumor growth rates of the secondary tumors compared to vehicle ([Fig. 4](#f0020){ref-type="fig"}). These results indicate that local stimulation through PTT confers systemic effects, seen on the secondary tumor. Our nanoimmunotherapy resulted in significant tumor regression and slower tumor growth of the distal tumors compared with vehicle-treated mice. Remarkably, mice treated with CpG-PBNP-PTT + aCTLA-4 resulted in complete tumor regression of both primary and secondary tumors ([Figs. 3](#f0015){ref-type="fig"}C and [4](#f0020){ref-type="fig"}), and long-term survival in 55.5% of the treated mice (at 60 days post-treatment, [Fig. 3](#f0015){ref-type="fig"}C). The long-term tumor-free survival was significantly higher (55.5% survival) than that observed (at 60 days post-treatment) for mice treated with PBNP-PTT + aCTLA-4 (22.2% survival), CpG-PBNP-PTT (0% survival), PBNP-PTT (0% survival), and vehicle (0% survival). These data demonstrate the importance of all three components: localized PTT, the nanoparticle-localized CpG, and aCTLA-4 to elicit a robust abscopal effect in neuroblastoma.Fig. 3Effect of the CpG-PBNP-based nanoimmunotherapy on tumor regression and long-term survival in the synchronous Neuro2a neuroblastoma mouse model. (A) Overview of the treatments. Mice bearing \~5 mm diameter Neuro2a neuroblastoma tumors were treated with CpG-PBNP-PTT + aCTLA-4 and corresponding controls. The PTT-treated groups received 50 μL of 1 mg/mL CpG-PBNPs or PBNPs intratumorally (i.t.), and were irradiated by an 808 nm laser at 0.75 W for 10 min. Additionally, the CpG-PBNP-PTT received two boosters with CpG-PBNP on Days 2 and 5 i.t. The groups that received aCTLA-4 got 150 μg of antibody on days 1, 5, and 8 intraperitoneally (i.p.) (B) Temperature-time profiles of Neuro2a bearing mice treated i.t. with 1 mg/mL CpG-PBNPs or PBNPs and irradiated with a NIR laser at 0.75 W for 10 min. (C) Kaplan-Meier survival plots of neuroblastoma tumor-bearing mice that were treated with PBNP-PTT, CpG-PBNP-PTT, PBNP-PTT + aCTLA-4, CpG-PBNP-PTT + aCTLA-4, or vehicle. Mice receiving CpG-PBNP-PTT + aCTLA-4 showed significantly higher long-term survival (\>100 days) compared with mice in the other groups (\* significant difference compared to all other groups, p \< 0.05, long-rank test, n = 5--9/group).Fig. 3Fig. 4Effect of the CpG-PBNP-based nanoimmunotherapy on primary and secondary tumor growth in the synchronous Neuro2a neuroblastoma mouse model. Tumor growth in (A--B) vehicle, (C--D) aCTLA-4, (E--F) PBNP-PTT, (G-H) CpG-PBNP-PTT, (I--J) PBNP-PTT + aCTLA-4, and (K--L) CpG-PBNP-PTT + aCTLA-4 treatment groups. Each line represents tumor growth measured in one mouse. Treated/untreated in panels E--L refer to the tumor that received PBNP-PTT treatment. Numbers in parentheses in panels B, D, F, H, J, and L indicate the number of long-term surviving mice in each treatment group *i.e.* greater than 60 day survival (same study as [Fig. 3](#f0015){ref-type="fig"}, n = 5--9/group).Fig. 4

Long-term surviving, nanoimmunotherapy-treated mice exhibit protection against tumor rechallenge, which is co-defined by CD4+ and CD8+ T cells as well as NK cells {#s0075}
------------------------------------------------------------------------------------------------------------------------------------------------------------------

To test whether our nanoimmunotherapy yielded durable responses in treated animals, we challenged long-term surviving nanoimmunotherapy-treated mice with Neuro2a tumor cells (10^6^ Neuro2a cells) 65 days post-treatment. Animals were divided into the following groups: 1) naïve group: where untreated mice were challenged with 10^6^ Neuro2a cells (n = 5), 2) PBNP-PTT + aCTLA-4 rechallenged group: where long-term surviving mice previously treated with PBNP-PTT + aCTLA-4 were rechallenged with 10^6^ Neuro2a cells after at least 90 days of tumor-free survival (n = 2), and 3) CpG-PBNP-PTT + aCTLA-4: where long-term surviving mice previously treated with CpG- PBNP-PTT + aCTLA-4 were rechallenged with 10^6^ Neuro2a cells after at least 65 days of tumor-free survival (n = 5). Impressively, all of the rechallenged mice (both PBNP-PTT + aCTLA-4 -treated, and CpG-PBNP-PTT + aCTLA-4 -treated) exhibited protection against the tumor rechallenge, and these mice rapidly eliminated the rechallenged tumors ([Fig. 5](#f0025){ref-type="fig"}A), compared with naïve mice that quickly succumbed to their disease by day 7. These results show the ability of our nanoimmunotherapy to treat both primary and secondary tumors as well as confer durable protection to combat recurring disease. In order to understand which immune effector cells were involved in eradicating the tumors following our nanoimmunotherapy, we depleted subsets of T cells by systemic administration of depleting antibodies against CD4+ T cells, CD8+ T cells, and NK cells. The effectiveness of the depletion was confirmed using flow cytometry (Supplementary Fig. 1). When mice that were depleted in CD4+, CD8+, and NK1.1+ populations were treated with our nanoimmunotherapy, they rapidly succumbed to tumor burden, leading to 0% survival at 5, 4, and 9 days after treatment, respectively ([Fig. 5](#f0025){ref-type="fig"}B). Tracking the individual tumor growth curves across treatment groups ([Fig. 5](#f0025){ref-type="fig"}C--H), we observed that when mice were depleted of CD4^+^ or CD8^+^ T cells, CpG-PBNP-PTT offers no tumor burden relief in the primary tumors ([Fig. 5](#f0025){ref-type="fig"}C, D), consistent with our previously published data. Since these T cells are crucial for antitumor abscopal effects, the secondary tumors are not killed by a T cell mediated killing, and quickly grow ([Fig. 5](#f0025){ref-type="fig"}F--G). When studying the impact of NK cells, we can see that even though NK-depleted mice only survived for two days longer than the T cell-depleted mice, the primary tumor growth for these mice ([Fig. 5](#f0025){ref-type="fig"}E) is much slower than those that were depleted of CD4^+^ and CD8^+^ T cells. These results highlight the importance of CD4^+^ and CD8^+^ T cells as well as NK cells in eliciting antitumor and abscopal responses in synchronous neuroblastoma-bearing mice.Fig. 5Effect of tumor rechallenge and immune cell depletion on the protective properties of the nanoimmunotherapy. (A) Effect of rechallenge with 1 million Neuro2a cells in untreated mice (naïve, gray), and long-term surviving nanoimmunotherapies-treated mice; PBNP-PTT + aCTLA-4 (rechallenged, pink), and CpG-PBNP-PTT + aCTLA-4 (rechallenged, purple). The Kaplan-Meier survival plots show complete tumor rejection and significantly higher long-term survival in the rechallenged groups compared to naïve mice (\* significant difference compared to naïve mice, p \< 0.05, n ≥3/group). (B--H) Immune cell depletion show importance of CD4^+^ and CD8^+^ T cells on treatment effectiveness. (B) Kaplan-Meier survival plots of neuroblastoma-bearing mice depleted in CD4^+^ T cells, CD8^+^ T cells, and NK1.1^+^ cells. Depletion of these immune cell types (n = 5/group) effectively abrogated the therapeutic responses of the nanoimmunotherapy. (C--H) Primary and secondary tumor growth curves for individual mice in the various treatment groups: (C, F) CD8^+^ T cells depleted, (D, G) CD4^+^ T cells depleted, (E, H) NK1.1^+^ depleted. Each line represents tumor growth measured in one mouse. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 5

Discussion {#s0080}
==========

In this study, we have described a nanoimmunotherapy, which combines CpG-PBNP-PTT with aCTLA-4 checkpoint inhibition ([Fig. 1](#f0005){ref-type="fig"}) for treating neuroblastoma. Building on our previous studies demonstrating PTT eliciting ICD \[[@bb0055]\], and working synergistically with aCTLA-4 and CpG in single tumor models \[[@bb0045],[@bb0050]\], we tested the effect of our nanoimmunotherapy in a synchronous mode of neuroblastoma. Our *in vitro* data ([Fig. 2](#f0010){ref-type="fig"}) demonstrated the ability of PTT to modify molecular markers presented on Neuro2a cells suggests their potential, for immune modulation that begins with the tumor cells themselves that are then complemented with immunological adjuvants like CpG and immunotherapies like aCTLA-4 that function on cells of the immune compartment (*e.g.* DCs and T cells). These findings complement earlier published studies by our group that show that PBNP-based PTT also causes cytotoxicity, induction of ICD, and reverse immunosuppression \[[@bb0020],[@bb0045], [@bb0050], [@bb0055]\]. We first looked at the presence of co-stimulatory markers CD80 and CD86, and observed that PTT increased the levels of CD86 compared to controls, rendering the tumor cells more immunogenic for triggering the CD28 receptor on T cells. When we studied the presence of major histocompatibility complexes I and II (MHC-I/II), PTT did not increase MHC-I, which helps regulate the sensitivity to antitumoral immunological mechanisms by modifying the recognition of these tumor cells by components of the immune system. However, it increased MHC-II, which is usually found on APCs, but recent studies have shown that on tumor cells, MHC-II levels predicts responses to immune checkpoint blockade, such as aPD-1 \[[@bb0200]\]. MHC-II levels has also been linked to greater CD4^+^ T cell infiltrates and some CD8^+^ T cell infiltrates, which can interact with the activated DCs and aCTLA-4 for better treatments \[[@bb0205], [@bb0210], [@bb0215]\]. Furthermore, MHC-II presence on tumor cells can also improve endogenous antigen presentation, which induces tumor-specific immunity \[[@bb0220]\]. Finally, we looked at immune checkpoint molecules, and saw that PTT increases the surface levels of B7H3, but not PD-L1. Both of these checkpoint molecules have inhibitory roles on T cells, leading to tumor evasion \[[@bb0225],[@bb0230]\]. However, since B7H3 has immunosuppressive functions, the overexpression of these markers was great motivation for combining our CpG-PBN-PTT with aCTLA-4 for reversal of immune evasion \[[@bb0225], [@bb0230], [@bb0235]\]. Because molecular marker expression can differ from one tumor type to another, our PTT can be combined with other checkpoint inhibitors as well, such as aPD-1. Additional studies will need to be conducted to address toxicity concerns of the checkpoint inhibitors in clinical trials. Overall, we show that PBNP-based PTT, with and without local CpG and systemic aCTLA-4, can "prime" the tumors for recognition by immune effector cells, an important characteristic for effective combination therapies.

Abscopal effects of PTT are often blocked by the immunosuppressive environment inside the irradiated tumor after treatment, which prevents effective T cell priming \[[@bb0050],[@bb0090]\]. In contrast, the combination of immunomodulatory agents such as TLRs and checkpoint inhibitors with PTT can partially reconstitute systemic antitumor immune reactions induced after local tumor PTT. When we studied these effects *in vivo*, CpG-PBNP-PTT in combination with aCTLA-4 resulted in complete tumor regression on the PTT-treated flank, slower progression on the untreated flank, and long-term survival in 55.5% of the synchronous tumor-bearing mice compared to only 22.2% survival in mice treated with PBNP-PTT + aCTLA-4 and 0% survival observed in all mice treated with CpG-PBNP-PTT, PBNP-PTT, aCTLA-4 or left untreated (vehicle) ([Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}). These observations suggest the importance of both intratumoral CpG and systemic aCTLA-4 for a potent abscopal effect.

Long-term surviving mice treated with CpG-PBNP-PTT + aCTLA-4 exhibited protection against tumor rechallenge, indicating the development of immunity and memory responses against these tumors in the mice ([Fig. 5](#f0025){ref-type="fig"}). We attribute the significantly higher long-term survival and memory benefit of the nanoimmunotherapy-treated mice to the tumor cell death and priming of the immune response that is elicited by PTT, the improved antigenicity, and DC activation by CpG, and the reversal of T cell exhaustion and immunosuppression by aCTLA-4. Indeed, our studies depleting CD4^+^ T cells, CD8^+^ T cells, and NK1.1^+^ cells populations confirmed the importance of CD4^+^ and CD8^+^ T cell populations in complementing and improving the effects of PTT in the local tumor environment, leading to better antitumor systemic and abscopal responses that eliminate distal tumors ([Fig. 5](#f0025){ref-type="fig"}). The studies also point to the importance of NK cells, and perhaps other components of innate immunity in providing therapeutic benefits ([Fig. 5](#f0025){ref-type="fig"}). Additional studies are necessary to elucidate the underlying immunological mechanisms that elicit these protective responses, and these are the focus of several ongoing studies in our group, including in models of high-risk and metastatic neuroblastoma \[[@bb0240],[@bb0245]\]. To summarize, we have demonstrated that engineered nanoparticles can serve as an effective platform for priming and/or activating an antitumor immune response. Hence their use in combination with immunotherapies in nanoimmunotherapies offers possible solutions to overcome the current limitations in cancer immunotherapy. We anticipate that these approaches will be increasingly used for treating cancers with dismal prognoses, including high-risk neuroblastoma, thus extending their benefits to a larger proportion of patients.
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